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TO: H. D. NON

FROM : J. C. CHESNA/M. E. HODGES,~~~~’

),cw@-

MASSJ TRANSFER IN 12-CN CENTRIFUW CONTRACTORS

INTRODUCTION

Oak Ridge National Laboratory (ORNL) requested SRL to design,
build, and test two 8-stage centrifugal contactor units (8-packs).
These 8-packs will be used in the ORNL Integrated Equipment Test
Facility. These contractors are of an advanced design, which
evolved from the original SRp contractors in use in F Area.

The SRL test program consisted of two phases. In the first ,
the hydraulic operation of the contractors was determined using 3N
nitric acid and 30% tributyl phosphate in n-dndecane. The results
of this study were reported in DPST-84-202, Hydraulic Study of 12-
CM Centrifugal Cnntactors. 1 The second phase was to determine the
mass transfer efficiency of an eight-stage array of centrifugal
contractors. Since these contractors were designed for the first
cycle of the conceptual Hot Experimental Facility (HSF), all the
experiments were run at the HKF fLowsheet operating conditions.
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This memorandum describes the results of the mass transfer

studies of an 8-stage unit operating in both extraction and
stripping modes.

slmnAxY

One eight-stage unit (8-pack) of centrifugal contractors was

tested in both extraction and stripping modes. Efficiencies

approaching 100% were obtained in both modes. The contractors were
operated successfully at a wide range of combined flow rates,
including the HEF conditions.

DISCUSSION

Contactor Description

These contractors are of an advanced design (see Figure 1),
which evolved from the original SRP design of the 1960 ‘s. The

original contractors are currently in use as the F-Area 1-A bank.
In this original design the two process streams, aqueous and
organic, are fed to the base of the contactor where the two streams
are intimately mixed with a paddle. This mixed solution then

passes into the upper part of the housing where it enters the
rotor. The two phasea are separated by centrifugal force in the

rotor.

With the advanced contractors, the separate phases enter the

side of the contactor housing near its upper end . The phases are

then mixed in the annulus between the housing and the rotor by
Couette flow, which induces Taylor vortices. The mixed solution
enters the rotor through a port in the base and is separated by
centrifugal force. The aqueous phase, being heavier, is thrown to
the wall of the rotor. The organic phase , being the lighter,

remains in the rotor center. The aqueous and organic phases exit

the rotor via a system of weirs. The location of the organic-
aqueous interface is controlled by means of air pressure which is
supplied to the aqueous overflow weir. Varying the pressure
changes the radial position of the aqueous-organic interface. The
interface is adjusted so there is minimal entrainment of either
phase.

Extraction Efficiency

The Murphree stage efficiency relation is used to express

the extract ion performance of the 8-stage array. 2 The Murphree
efficiency relations measure the approach of one of the effluent
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streams to’equilibrium with the
centration. Thus, the Murphree

Y2. Y
1

E
ME= Y*. Y

2 1

other at its actual final con-
extract stage efficiency is

For the raffinate

X2 - x,

~, .

X-X*
12

where

Y1 =

Y2 =

y2* .

xl =

Xz =

X2* .

inlet extract concentration

outlet extract concentration

theoretical equilibrium outlet

inlet raffinate concentration

outlet raffinate concentration

theoretical equilibrium outlet

concentration

concentration

The raffinate is that stream which originally contained the
uranium. The extract is that stream which extracted the uranium.
So, either the aqueous or organic phase could be the extract, or

raffinate, depending upon the mode of contactor operation. An
efficiency of each stage of the 8-pack were not determined, since
sample ports were not located between each stage. Thus , the

efficiencies calculated are for the whole bank. The theoretical

equilibrium outlet concentrations were determined using the com-
puter code SEPHIS-MOD4. 3

Experimental

The first phase of mass transfer testing was with the 8-pack
in the extraction mode. This condition entails uranyl nitrate in

the aqueous phase being fed to the unit, where the uranium is
transferred to the organic phase. A suntmary of run conditions is
shown in Table 1.
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The second phase of testing WaS with the contactOrs in a
stripping mode, to transfer or “back-extract” the uranium into
the aqueous phase. The conditions for this mode are different
from those for the extraction run, and are shown in Table 2.

Two types of experiments were run in each mode, so that the

approach to steady state and the efficiency of mass transfer at
steady state, could be studied.

A typical experiment in the extraction mode took place as
follows. The contactor motors were allowed to warm up at the test

speed (1750 or 2400 RPM). The organic flow was started at a pre-
determined flow rate . The weir air pressure was set to a value
calculated to he near the center of the operating envelope (see
~igure ~). 1 The ~queou~ flow was then started and adjusted sO the

O/A ratio was 1.4, as specified in the HEF flowsheet. Samples of
both outlet streams were taken at short, timed intervals for up to
2 hours after the initial startup. The data collected from repeti-

tion of this sequence at varying throughput is sunnnarized in
Table 3.

The same experimental procedure was used for testing in the
stripping mode. A sumary of tbe data is shown in Table 4.

SSSULTS

The 8-pack operated successfully in both extracting and
strinDine modes under the conditions of the HEF flowsheet. The..-
mass transfer efficiency in both modes of operation approached
100%, at a wide range of O/A ratios and total throughput, including
the HEF conditions. This information is detailed in Tables 5 and 6

for the extraction mode and Table 7 for the stripping mode .

Sample ports were located in both outlets, as well as in
the interstage piping between stages 4 and 5. This is shown in
Figure 4. Uranium analyses were run on samples taken from the
middle of the bank in all runs . The results are listed in Tables
and 9 for the extraction mode and the stripping mode. As can be
seen from the tables, effectively all the mass transfer occurred
in the first four stages of contractors. The feed concentration
of 126.9 g U/L was reduced to the detectable limit concentration,
which is on the order of 1 part per million (ppm) . This attests
to the high efficiency of the advanced centrifugal contractors.

8
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The initial run allowed data to be collected for the

contactor’s approach to steady state. This initial run was the

first introduction of uranium into the system. Thus, the change
in uranium concentrateion in the organic outlet with time was

plotted and fit to the following equation (Figure 3):

U. =

where

U. =

us =

T .

t=

Us (l-e-t/T)

uranium outlet concentration, glL

steady state uranium concentration, 88.7 g/L in
the extract stream

time constant of 8.3 min

time, min

This equation is of the form of a first-order lag system response

to a step change in input. So, at 8.3 minutes, T, the bank of 8
contractors is 63.2% toward reaching equilibrium, and at 33 minutes,
the bank is 98% of steady-state operation.

The steady-state condition being discussed here is attained
when the outlet concentrations of the bank do not change with time.
The data points for the approach to steady state shown in Figure 3
are listed in Table 10. The low value obtained for the sample at
t = 28 minutes is most likely due to experimental error in the
analyais. Due to time constraints only one approach to steady

state run at each concentration could be made.

A number of runs, as outlined in Table 6, used a feed of
51.74 g U/L. The conditions for these runs ranged from total
throughputs of 1.92 to 5 gpm and O/A’s of 0.29 to 0.56. Again,
excellent extraction performance was exhibited, with efficiencies
for the bank in excess of 99.9%.

PROGRAM

The maas transfer studies were the final phase of a series of
tests requested by Oak Ridge National Laboratory (ORNL) as part of

the Consolidated Fuel Reprocessing Program (CFRP). SRL coordinated
the design, fabrication, and testing of the two 8-stage arrays of
centrifugal contractors. The 8-packs were shipped to ORNL in June
of 1983.

Additional studies are in progress on centrifugal contactora
varying in diameter from 5.5 to 25 cm.

-5-
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TMLB 1

Run Conditions for Extract ion Mode

Aqueous Phase 126.9 g UIL in 3.5M HN03

Organic Phase 30% TBP in n-DD

O/A 1.4, 0.56, 0.36, 0.29

Rotor Speed, rpm 1750, 1200, 2400

Throughput, gpm 1.9 - 5.0

TABLE 2

Run Conditions for Stripping Mode

Aqueoue Phaee O.05M HNO ~

Organic Phase 38.7 g U/L in 30% TBP and 70% n-DD

o/A 0.8

Rotor Speed, rpm 1750

Throughput, gpm 2-6

I
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Run
No.—

1

2

3

4

5

6

7

8

9

10

Rotor,

~

1750

1750

1750

1750

1750

1200

1200

2400

2400

2400

Weir
Pressure,

in. H90

30

30

30

30

30

12

12

60

60

60

Total

Flow, O/A Temp,
Ratio “Cm—.

1.92 1.4 21.1

5.02 1.4 21.1

3.0 1.4 21.1

1.92 0.56 30.3

5.0 0.56 30.3

2.46 0.56 30.8

1.92 l.h 21.1

2.46 0.56 30.8

3.33 0.36 30.8

3.88 0.29 30.8

TABLE 4

Sumary of Data for Stripping Mode

Temp,
“c

25.0

25.0

23.3

23.3

37.2

37.2

TAEW 3

Sumry of Data for Extraction Mode

-8-
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Run Rotor,
No.— ~

1 1750

2 1750

3 1750

4 1750

5 1750

6 1750

Weir
Pressure,
in. H90

40

30

30

30

40

40

Total
Flow, O/A

RatioE—

3.0 0.8

5.0 0.8

2.0 0.8

6.0 0.8

5.5 0.8

6.0 0.8
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TULE 5

Efficiencies for the Extract ion Mode Rune with
Aqueoue Feed of 126.9 g UjL

Uranium Concentrateion
TotaL Aqueous Organic Equilibrium Outlet*

Run FLow, o/A Temp, Outlet, Out Let, Aqueous, Organic, %

Ratio “CNo. ~__ glL g/L g/L g/L Efficiency**—

1 1.92 1.4 2L.I 4.3X1O-5 88.5 6.6xL0-12 88.6 99.9

2 5.02 1.4 21.1 2.7x10-5 92.2 6.6x10-12 88.6 99.9

3 3.0 L.4 21.1 2.9x10-5 82.9 6.6x10 -12 88.6 99.9

7 1.92 1.4 2L.1 2.4x10-5 74.5 6.6x10-12 88.6 99.9

* Determined by computer code SEPHIS-MOD4.

** Aqueous Basis.
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TABU 6

Efficiencies for the Extraction Mode Runs with
Aqueoue Feed of 51.7 g U/l.

Total
Run Flow,
No ~-

4 1.92

5 5.0

6 2.46

8 2.46

9 3.33

10 3.88

O/A
Ratio

0.56

0.56

0.56

0.56

0.36

0.29

Temp,
“c

30.3

30.3

30.8

30.8

30.8

30.8

Out let,
g/L

3.2x10-4

1.8x10-4

2.7X1O-5

4.4xlo-3

2.7x10-4

13.5

Uranium Concentration
Aqueous Organic Equilibrium Out let*

Outlet, Aqueous, Organic, %
glL g/L

75.2 1. 27x10-7

78.9 1. 33X1O-7

73.9 1.4 XI0-7

73.7 1.4X1 O-7

85.2 4. 2X1O-2

93.9 12.2

I * Determined by computer code SEPHIS+OD4.

gll. Efficiency**

90.4 99.9

90.6 99.9

90.9 99.9

90.9 99.9

100.8 99.6

100.7 96.9

** Aqueous Basis.
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Efficiencies for the Stripping Mode Rune with
Organic Feed of 3S.7 g UIL

Total
Run Flow,
No. ~—

1 3.0

2 5.0

3 2.0

4 6.0

5 5.5

6 6.0

of A Temp,

Ratio “C—.

0.s 25.0

0.8 25.0

0.8 23.3

0.8 23.3

0.8 37.2

0.8 37.2

Uranium Concentration
Aqueous Organic Equilibrium Outlet*

Outlet, Outlet , Aqueous, Organic, %

~ L ~~~ gfL Efficiency**

33.3 0.65 30.4 3.6x10-4 98.3

33.4 0.50 30.4 3.6x10-Q 98.7

30.9 0.28 30.4 3.6x10-’+ 99.3

32.1 0.2s 30.4 3.6x10-4 98.3

30.5 0.39 30.4 3.6x10-4 97.5

33,.0 0.66 30.4 3.6x10-4 98.3

* Determined by computer code SEPHIS-MOD4.

** ORGANIC BASIS,
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TASLS 8

S_ry of All Mta Collected in the Extraction Me

R..

1

2

3

4

5

&

7

8

7

10

Ii..

#

:

SE

3:
b4

5
19.2

5

::
30
bo

0.5
1.5
16.5
49.s
79.5

5

::

:;

28

5
10

:
bo

25

28

Ura. iu.

PP.

0.02
0.02
0.03
0.04

0.22
0.10
0.27

0.21
0.29

0.14
0.71
0.71
0.35
0.32

0,17
0.18
0.16
0.23
0.16

0.25
0,22
0.32
0.24
0.27

0.02

o.Jb
0,29
0,25
0.29
0.25

0.27

134A0

Uranium

gll

126.06

2. 5E-04

Aq-Out

ficid

II

2.29
3.36
S.%b
3.49

3.48
X.33
3.47

2.95
2.90
2.72
2.91
‘2.90

2,91
2.VO
2.e8
2.89
2.Bb

2.7b
2.Bo
2,84
3.in
2,91

2.99

2.85
2,B3
2,08
2,86
2,?3

2.74

2.79

Acid

II

3.54

0.49

sp6

1.ob99

1.1023

I.1094

1.1105

1.1087

1.1001

1. IOB4

1.1085

1.117s

1. Oela

I.oolb

1.0023

1.0929

1.0827

1.0826

1.0833
1.0034

1.0034

I.oozh

1.0005

1.0an9

1.0004
1.0879

1.0871

I.1OOO

1.0055
1.0857

0.1858

I .0860

1.0843

!.0851

1.0769

sp6

1.2588

0. B251

Ura”iu.

PP.

0.04

0.25

0.00

0.2s

0.25

0.17

0.21

0.42

0.18

2.71

4.42

3.45

9.69

5.09
7.30

0.20

11.20

0.04

58.12
4.63

9.67

?.85

8.48

0.21

4.k4

1.22

b.~n

4.74

4.s4

3?7. [7

b50.04

TBP

x

29.15

2.58
3.83
3.00
3.n7

3.85
3.92
3.91

3.13

2.BT
2.?2
2.94
2.96
2.95

2.8b

3.00
2.92
2.Vn
2.85
2.93

3.36

2.92
!.97
2.Ob
2.94
2.Vb

2.90

2.94

SP6

1.0771
1.1156
1.1200
1.1210

1.!174
1.1188
1.1191

1.1193
1.1067

1.0?20
1.0094
1.0901
1.0?01
1.0001

1.0088
0.9944
0.9922
1.08bo
0.9?32

1.0801
l.oano
1.0078
1.0880
1.OU1O

1.1245

I.oobl
1.08b3
1.oeb5
1.0Ub4

1.0B67

1.oBb9

1.0872

Uraniu.

Q/l

57.57

79.12

7b,25

Bn.50

B5. 80

05.53

92,21

B7.11

02. ?5

nt.7b

70.11

74.79

7$.28

75.10

bT.90
lb.el

B3.19
78.78

79.01

77.21

EZ.3S

77.60
78.33

73.09

74.47

77.44

77.21

72.72

73.03

7s.67

05.25

93.06

Orq-o”t

#cid Sp 6 uranium ‘rq-~~fd

II

0.36

0.27

0.27

0.22

0.25

0.21

0.22

0.21

0, LB

0.20

0.22

0.21

0. 2s

12.2b

0,21
0.19

0.20

0.20

0.21

0.20

0.19
0.21

0.20

0.30

0.20

2.04

0.20

0.2!

2.03

0.21

0.20

0.8870

0.9264

0. 923!
0.9304

0.9274

0.9342

0.9330

0.9560

0.9207

0.9276

0.9255

0.9212

0.9244

0.9211

o.9t4h

0.9240
0.9281

0. 922S

0.9219

0.9107

0. 920b

0.9247
0.9240

0.9191

0.9478

o.v1a9

0.9225

0.9217

0.9191

0.9197

0.9361

0,9452

PP.

0.17

0.27

0.s1

0.35

1.51
0.50

0.35

0.32
0,23

7.71

19. ?s
31.19

29. S1

23, .S5

0.89

19.38

24.08

25.70

20.70

20.00

7.22

17.67
20, 3b

19.07

0,28

29,55

21. h4

22.18

17,4&

17,99

0.59

91040.00

II

0.54

0.70

0.73

0.74

0.73

0.71

0.75

0.04

0. b4

0.50

0.$2

0.51

0.51

0.50

0.4s

0.41

0.47

0.50

0.61

0.6s

0.b2
o.b2

0.62

0.46

0. b8

0.64

0.b2

0.&3

0.b4

0.42

0.12

9P6

0.8230

0.0290

0.8299
0.8299

0.0297

0.8301

0.9s01

0.0299

0.0291

0.0245

0.8243

0.8245

0.0246

0.0247

0.8249

0.8245

0.024s

0.0241

0.0245

0.0300

o.04b3

0.0284

0.0271

0.8279

4.0277
0.8277

0.827q

0.9449
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S~ry of Al 1 Data Collected in the Stripping 140de

Run 1;..

45

:
59

llV

b

3:

4QUEOU5 FEED

0R6AH1C FEED

Ur.ni..

qll

33.28

33.28

34.45

J3. 37

29.55
Xo. vv

30. E3
34. BE

14.00

29. b7

29.13

29.87
32.10

30.49

33.01

so. 49

34,00

34.1 B

Urani. n
qll

0.00

31.60

nq-..t
Acid

H

0.s0

0.30

0.30

0.33

0.56

0.16

0.16

0. 3b

0.53

0.35

0.3b

0.16

o.~b

0.33

0.53

0.32

0,17

0.37

Acid

0.:s

0,s0

sp6

1.0647

J.0b66

1. obb8

l.obso

1.045?

1.0406

1.0484

1.04e7

1.0514

1.0+73

1.04b1

1.04a8

1.0510

1.0492

1.0s55

1.0454

1.0511

1.0507

sp6

1.0016

0.0774

20.55

7.34

9.99

NR

15,90

13.65
9.73

0.65

NR

Nn

NR

Nil

NR

NR

tin

NR

NR

NR

TBP

x

31. bO

0.05

0.05

0.0s

HR

0.07

0.07
0,01

0. oh

0.05

Iln

NR

NR

NR

NR

NR

llR

u

5P 6

1.0356

1.0223

1.0196

NR

1.0181

1.015

1.009S

L.0078

NR

i.olb

NR

#n

NR

NR

:

w

Org-c.ut
U.. ”,., Aci6

0.77

0. b5

0.55

0.50

311. h5

27s. lb

2B5.01

200.07

274. SS

251.10

203.85

359.22

448.41

384. to

6b3. oo

s@9. 00

949.00

359.00

n

0.002

0.002

0.002

0.002

0.003

0.003

0.002

0.002

0.002

0.002

0.002

0.002
0.002

0.002

0.002

0.002

0.003

0.002

SP6

0.0079

0.0080

0.8071

0.007S

0.0089

0.80E3

O.son?

0.8081

0.0089

0.808b

0.8007
0.0000

0.8081

0.8070

0.0072

0.0074

0.80B6

0.8069

Org-.ld

Ura. i.. Acid
all n

10.00

11.12

15.56

11.91

21.12

lb.08
12.32

11,31

18.71

e. 50

7,75

12.97

11. hh

4.53

28.51

1.4s

B. $4

3.b9

0.006

0. 00s

0.006

0.003

0.006

0.00s

0.004

0.004
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TASLS 10

Organic Out let Uranium Content rat ion vs. Time for
the Approach to Steady State Determination

Time, min. Uranium Concentrateion

o 0

8 57.6

19 79.1

28 76.2

58 88.5
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